Abstract. A diagnostic study of heat transfer within the lower atmosphere and between the atmosphere and the surface of the Arctic Ocean snow/ice pack during clear-sky conditions is conducted using data from the Surface Heat Budget of the Arctic Ocean (SHEBA) field experiment. Surface heat budgets computed for four cloudy and four clear periods show that, while the net turbulent heat fluxes at the surface are small during the cloudy periods, during the clear-sky periods they are a considerable source of surface heating, balancing significant portions of the conductive heat fluxes from within the snow/ice pack. Analysis of the dynamics and thermodynamics of the lower atmosphere during the clear-sky periods reveals that a considerable portion of the heat lost to the surface by turbulent heat fluxes is balanced by locally strong heating near the atmospheric boundary-layer (ABL) top due to the interaction of subsiding motions with the strong overlying temperature inversions surmounting the ABL. This heat is then entrained into the ABL and transported to the surface by turbulent mixing, maintained by a combination of vertical wind shear and wave-turbulence interactions. The frequency of stable, clear-sky periods, particularly during the winter, combined with these results, suggests that the downward transfer of heat through the lower atmosphere and into the surface represents an important component of the heat budgets of the lower atmosphere and snow/ice pack over the annual cycle.
Introduction
The Arctic has been identified as a region of great importance to global climate due in part to the many powerful feedback mechanisms occurring both within the Arctic and between the Arctic and the lower latitudes (e.g., IPCC, 2001; Przybylak, 2003) . The atmospheric boundary layer (ABL) is of relevance to many of these feedback processes, as many of the complex interactions between surface and cloud optical and thermal properties are mediated by ABL processes (Curry et al., 1996) .
The ubiquity of clouds is a hallmark of the Arctic atmosphere. Several cloud climatologies conducted in the Arctic region indicate that cloud occurrence peaks as high as 80-90% during the summer, falling to a minimum of 40-68% during winter, with low clouds dominating the variability over the annual cycle (e.g., Huschke, 1969; Hahn et al., 1984; Warren et al., 1988) . When clear-sky ice crystal precipitation is included, the winter minimum is estimated to increase to 80% (Curry et al., 1996) . During the yearlong Surface Heat Budget of the Arctic Ocean (SHEBA) field experiment of 1997-1998, clouds were observed to occur over the Arctic Ocean interior on average 85% of the time. During the least cloudy season (winter), the average occurrence of clouds diminished to 73%, with a minimum of 63% during the month of February (Intrieri et al., 2002a) .
Although by any accounting the Arctic must be considered 'cloudy', even during the peak cloudy season, clear-sky conditions are observed 10-20% of the time. During the winter, the fraction of cloud-free days increases to 32-60%. The winter during the SHEBA experiment featured clear-sky conditions 27% of the time, with many stretches of several consecutive cloud-free days, and longer periods of predominantly clear-sky conditions, punctuated only occasionally by brief episodes of cloudiness. As these percentages reflect cloud of variable height and thickness appearing anywhere within the field of view, these percentages underpredict functionally clear conditions with respect to surface and lower atmosphere energy exchange processes.
The energy exchange processes occurring at the surface change markedly depending on the presence or absence of clouds. During the low-sun seasons, such changes are magnified by the weak-to-nonexistent solar radiation, as well as the extreme cold and dry conditions of the arctic atmosphere. Analysis of four predominantly clear-sky periods during the SHEBA experiment indicates a substantial turbulent transfer of heat from the atmosphere to the surface during each period. The loss of heat from the lower atmosphere due to these fluxes implies strong cooling of the shallow region of the atmosphere in turbulent contact with the surface. However, no such lower-atmospheric cooling is observed during these periods.
This apparent dilemma raises the question of the source of atmospheric heating required to offset the cooling of this layer due to the loss of heat to the surface. Motivation for the search for this mechanism involves the considerable portions of both the lower-atmospheric and surface heat budgets represented by sensible heat fluxes exchanged at the snow/ice-atmosphere interface during these periods, especially during the clear winter periods, and by extension, similar periods occurring throughout the year. A necessary condition for the maintenance of these large sustained heat fluxes without simultaneous cooling of the lower atmosphere is heating of comparable magnitude within the portion of the atmosphere in turbulent contact with the surface.
The implications for the snow/ice pack are potentially significant. During the three clear winter periods, the average sensible heat flux at the surface balanced a significant portion of the estimated conductive heat flux, implying a reduction of the cooling rates within the snow/ice pack from those implied by the average net radiative fluxes alone. If the balance of terms in the surface heat budget is similar during the 20-60% of the annual cycle during which such conditions proliferate, then this heat transfer process may be of considerable relevance to the snow/ice pack as well.
Given the importance of this flow of energy within the lower atmosphere to the lower atmosphere and surface energy budgets, a careful analysis of the various components of the heat transfer processes occurring within the lower atmosphere during stable, clear-sky conditions is needed.
Section 2 describes the data used in this study. Section 3 discusses the roles of the various surface fluxes on the surface heat budgets and how they change between cloudy and clear-sky conditions. Section 4 discusses the thermodynamic processes occurring within the lower atmosphere during clear-sky periods. Section 5 discusses the nature of lower-atmospheric turbulence and its role in the vertical transport of heat during clear-sky periods. Section 6 summarizes the results of the study.
Data
Most of the data utilized herein were obtained during the SHEBA field experiment. As described more thoroughly elsewhere (e.g., Uttal et al., 2002) , the SHEBA experiment consisted of an extensive suite of instrument sites coordinated about a Canadian Coast Guard icebreaker (the Des Groseilliers) frozen into the Arctic Ocean pack ice. The entire field camp drifted with the pack ice for a full year, covering approximately 1400 km along the trajectory depicted in Figure 1 , providing a time series of atmospheric and surface data corresponding to the vertical column centered about the field camp, over one annual cycle.
The data relevant to the present study were obtained from three in situ measurement platforms, the Atmospheric Surface Flux Group (ASFG) site, the GPS/Loran Atmospheric Sounding System (GLASS), and the National Center for Atmospheric Research (NCAR) C-130 research aircraft.
ASFG TOWER
The ASFG site utilized a 20-m tower outfitted with a variety of meteorological sensors as well as several measurement devices on the surface surrounding the tower to measure many surface and lower-atmospheric fields. The parameters of interest to this study and the measuring instruments used by the ASFG are given in Table I. VERTICAL HEAT TRANSFER DURING CLEAR-SKY PERIODS Many redundant measurements were obtained from the instrument suite given in Table I , allowing for evaluation, correction, and error estimation for most of the measured parameters. Estimated errors for the key variables used in this study are given in Table II. Hourly averaged spectra and cospectra were obtained from 10 Hz measurements at nominally five heights on the tower (only one height for specific humidity). The velocity data were aligned in the streamwise direction, given by the average velocity during the longest period of unbroken data occurring during the given hour. The data were then parsed into data blocks of 13.65-min duration (corresponding to 2 13 data points), which were linearly detrended and Hamming-windowed. The hourly averaged spectra and cospectra were obtained by averaging over the nominally seven overlapping data blocks obtained from each hour of data. The w 0 u 0 , w 0 q 0 and w 0 T 0 sn covariances, where w 0 , u 0 , q 0 and T 0 sn are the perturbation vertical velocity, streamwise velocity, specific humidity and sonic virtual temperature, respectively, were then obtained from integration across the [0.2 s, 13.65 min] frequency interval. The hourly averaged friction velocity, u Ã , and sensible and latent heat fluxes, F SH and F LH , respectively, were then computed from
Here C p is the heat capacity at constant pressure, q is the density and L e and L f are the latent heats of evaporation and fusion, respectively. During times when the covariance w 0 q 0 was unavailable, bulk estimates were obtained using a modified version of the coupled ocean atmosphere response experiment (COARE) sea-air flux algorithm, the details of which may be found in Fairall et al. (1996) . Due to the higher data recovery of the bulk w 0 q 0 , these values were used in (2) to compute the sensible heat fluxes. Some of the spectra shown in this report reveal the presence of noise at the higher frequencies. As the focus of this study is chiefly concerned with the lower-frequency portions of the spectra, these errors at high frequencies are 
Conductive flux >±100%
VERTICAL HEAT TRANSFER DURING CLEAR-SKY PERIODS not considered to be crucially important to any of the significant conclusions of this study. Further details of the instrumentation and data processing used in the creation of the ASFG dataset may be found in Persson et al. (2002) , or at the SHEBA ASFG website (http://www.weather.nps.navy.mil/$psguest/sheba/).
SOUNDINGS
Vertical profiles of atmospheric temperature, relative humidity and wind speed above the ASFG tower were obtained from Va¨isa¨la¨RS 80-15GH radiosondes, launched from the ship deck approximately every 12 h, at roughly 1100 and 2300 UTC, throughout the year. From April through July, the twice daily soundings were augmented by two additional soundings per day, occurring at approximately 0500 and 1700 UTC.
Missing data within the radiosonde ascents above approximately 50 m were replaced with linearly interpolated values. Errors occurring below approximately 50 m, during the first few moments of the launch, while the radiosonde was accelerating from rest and unspooling, were corrected by smoothly joining the highest available ASFG tower value to the lowest wind speed maximum. A quadratic function of height was chosen for the corrected wind speed profiles, as the behaviour of the quadratic function generally fit the endpoints of the interpolation domain better than linear or logarithmic functions. While this functional form may not be correct in some details, the shape of the wind speed profile below 50 m is not crucial to the results of this study. Scatter in the radiosonde temperature and relative humidity data very close to the surface was eliminated by using linearly interpolated values between the the highest ASFG tower and the height within the profile at which the scatter decreased to an acceptable level, generally significantly below 50 m. All missing ASFG data both in time and height were replaced by linearly interpolated values. All data above approximately 50 m were smoothed using seven-point running mean values.
AIRCRAFT MEASUREMENTS
Several turbulence measurements in the lower atmosphere were conducted during the spring and summer from the NCAR C-130 research aircraft. High-frequency (25 Hz) temperature and velocity measurements were obtained using a Rosemount thermometer and gust probe, respectively.
The spectra and cospectra were computed by parsing the data stream into N intervals of 60-s each (corresponding to a distance of approximately 6-7 km). Only periods of straight, level flight were utilized. The segments were subsequently detrended, then separated into mean and perturbation states. The spectra and cospectra were then obtained by averaging over the N data blocks. The variances and covariances were obtained from these averages by integration across the spectrum from a specified low-frequency endpoint.
The NCAR Research Aviation Facility filtered mechanical effects from the data, however some noise is evident at the high frequencies.
ANCILIARY MEASUREMENTS
Three additional data fields used in this study that were not obtained during the SHEBA experiment are the vertical velocity, temperature advection and radiative heating rates.
As routine atmospheric profiling was conducted at only one location, little spatial data were obtained above the surface, preventing estimation of vertical motion from the divergence, or calculation of advection. These quantities must therefore be obtained from other sources. One source of these terms is a large-scale atmospheric model in which these fields are predicted. The vertical velocities and advections were calculated for the SHEBA column in this manner using the European Centre for Medium Range Weather Forecast (ECMWF) model, initialized with SHEBA data. Unfortunately the coarse vertical resolution of these datasets near the surface undermines their applicability to the present study. The roles of vertical motion and advection in the context of the extremely shallow ABLs that are the focus of the present study are examined using bulk thermodynamic budgets applied to a stratified lower atmosphere over a nearly steady 72-h period, as described in Section 4.
Radiative heating rates were obtained for the same 72-h period using the rapid radiative transfer model (RRTM) (Mlawer et al., 1997) implemented into a single-column model (SCM). The radiative heating rates were computed at approximately 10 m resolution in the lower atmosphere by running the SCM with observed profiles of temperature and water vapour, a broadband surface albedo of 0:85, and surface emissivity=0.99.
Surface Heat Budgets
In the absence of precipitation, the heat budget for a slab of ice representing the surface portion of the Arctic Ocean pack ice may be written
In (4) T is the layer mean temperature, t is the time, q is the layer mean density, C p is the layer mean heat capacity at constant pressure, F C is the low-sun seasons, with one period taken from the high-sun season. The lower panels show a time series of surface temperature. The horizontal axis depicts the length of time in 24-h segments from the beginning of each period. All time and date identifiers throughout the paper, unless otherwise indicated, are given in the mm/dd/hhhh format, where mm is the number of the month, dd is the day of month, and hhhh is the hour and minute.
Contrasting the cloudy and clear periods demonstrates the impact of clouds on the physical processes influencing the surface heat budget. As Figures 2 and 3 show, when clouds replace clear skies, downwelling longwave radiation increases significantly, causing the surface to warm. This warming of the surface relative to the air above induces a flux of sensible heat from the surface to the atmosphere, enhancing mixing in the lower portion of the ABL. When the downwelling radiative fluxes remain almost steady with time, the surface temperatures equilibrate to almost steady values as well. The large downwelling radiative fluxes prevent large surface-to-air temperature gradients from forming, and the turbulent heat fluxes at the surface remain small.
When skies clear, the downwelling longwave radiative fluxes incident upon the surface diminish substantially due to the extreme cold and dry conditions typical of the arctic atmosphere replacing the warmer, highly emissive cloud. The small downwelling radiative fluxes occurring throughout most of the year (except during portions of the high-sun season), combined with the high surface emissivity and albedo, result in strong radiative cooling of the surface. The interaction between strong radiative cooling of the surface and turbulent mixing in the lower atmosphere results in a considerable flux of sensible heat from the atmosphere into the surface. During quiescent conditions, the radiative cooling, turbulent heat fluxes and surface temperatures reach almost steady values, with the radiative cooling exceeding the turbulent heat fluxes by a considerable amount.
These findings mirror several assessments of the influence of polar clouds on the surface. Curry and Ebert (1992) , Schweiger and Key (1994) , Zhang et al. (1996) , and Walsh and Chapman (1998) all have shown that the net effect of polar clouds is to warm the surface during all but short durations of the high-sun season. Intrieri et al. (2002b) and Persson et al. (2002) confirmed these results during the SHEBA experiment. Their analyses of the annual cycle of surface turbulent heat fluxes during the SHEBA experiment likewise confirmed that, in general, surface turbulent heat fluxes acted to warm the surface during clear periods, but were small during cloudy periods.
During each of the periods discussed above, the net change in surface temperature was less than 1 K. Hence, an approximate balance may be assumed between processes heating and cooling the surface. As all of the physical processes occurring above the surface have been accounted for, any energy imbalance among those processes implies a compensating flux of heat toward the surface from below. In this manner, an average conductive flux reaching the surface may be estimated as the residuum among the sum of the time-averaged surface fluxes.
The data in Table III summarize the general results presented above. Average values of the net radiative, latent and sensible heat fluxes at the surface observed during each of the periods discussed above are given along with two estimates of the average conductive flux reaching the surface. The first estimates are the residuals among the average measured surface fluxes, Table II . C are conductive fluxes computed by Persson et al. (2002) , with error >±100%.
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with the range of values given by the error estimates in Table II . The last column presents the average conductive fluxes computed by Persson et al. (2002) using
Here k s is the thermal conductivity coefficient, T s is the surface (radiative) temperature, T ice is the temperature at the ice/snow interface, and d s is the snowpack depth. The temperatures used in (5) were obtained from thermistor probes buried in the snowpack near the ASFG tower, and a value of 0.3 was used for the thermal conductivity coefficient.
As Table III shows, during some of periods, the residuals among the average surface fluxes were much larger than the fluxes computed by Persson et al. (2002) . The reasons for these discrepancies are potentially many. One source of disagreement is that their calculations pertain to the bulk flux across the depth of the snowpack, whereas ours reflect the flux just below the surface. As such, their calculations ignore the effects of nonlinearity of the temperature profile within the snow layer near the surface. Another source of uncertainty is the value of k s (e.g., Maykut, 1982) . Although a value of k s ¼ 0:3 was used in (5), the measured value of 0.14 was approximately a factor of two smaller (Sturm et al., 2001 ). The larger value, similar to those measured during previous conductivity studies, was used in (5), due to inconsistencies between the measured value and the observed accretion of ice at the ice/ocean interface during the winter season (Sturm et al., 2004) .
The Lower Atmosphere
Contours of temperature and time-height sections of wind speed in the lowest 750 m of the atmosphere during the four clear-sky periods discussed in the previous section are presented in Figure 4 . Temperature is shown in this figure to distinguish the strong, narrow temperature inversion surmounting the shallow ABL occurring during each of these periods. Comparison with Figure 3 shows a strong relationship between wind speed and sensible heat flux at the surface; however the relationship between wind speed and ABL height appears weaker.
ATMOSPHERIC BOUNDARY LAYER
As seen in Figure 4 , during the four predominantly clear-sky periods the highly variable lower atmospheric temperature stratification revealed a broad range of ABL structures. During these periods, the lower atmosphere generally yielded a four-layer structure, featuring a strongly stratified surface layer below a more strongly mixed boundary layer, surmounted by a strong overlying temperature inversion, with a layer of weaker stratification above. Brief portions of these periods featured episodes of very strong stability, due to weak winds and strong surface cooling, during which little discernible ABL structure is evident from the temperature profiles. However, most of the periods exhibited continuous turbulence of weak-to-moderate intensity due The spring period was influenced by a significant diurnal solar cycle. During the first 36 h of the spring period surface-based convection gave rise to strong mixing during the afternoons, followed by very stable conditions overnight due to the weak winds and strong surface cooling. During the latter stages of the spring period, increasing winds maintained elevated shear-driven mixing overnight, while acting to stabilize the ABL during the daytime by enhancing entrainment of warm air into the ABL top. Throughout these periods, the observed ABLs were as close to being horizontally homogeneous as one can expect to find in the nature, with no evidence of density currents or flows generated by horizontal temperature gradients, for instance.
Classification of ABL structure and estimation of its height during the stable portions of these periods can be difficult under any circumstances, but is especially so in the absence of measurements suitable to making such distinctions. Few direct measurements of turbulence were made above the ASFG tower, none during the low-sun seasons. Aircraft flights conducted during May indicate contributions to velocity and temperature variability from a wide range of length scales within a weakly stable ABL, with a pronounced shift to larger length scales in the more stable layer above. Spectra computed from the ASFG tower suggest a general decrease in turbulence intensity and a migration of spectral power toward larger lengthscale processes with increasing static stability. Additionally, many of the hourly averaged surface and ASFG tower variables show increasing hour-tohour variability with increasing stability.
Transitions between the following idealized ABL structures could explain these observations. Periods featuring weakly stable temperature profiles and moderate wind speeds likely reflect predominantly shear-driven mixing near the surface, with global intermittency occurring in the more stable environment near the ABL top (Kim and Mahrt, 1992) , due in part to locally large wind shear values near the low-level jet (Smedman, 1988) , wave activity (Forrer and Rotach, 1997) , or a combination of the two. Such a structure would fit within the traditional boundary-layer classification, in which turbulence is primarily forced by surface roughness (Mahrt and Vickers, 2001) . During periods of increasing stability, turbulence within the ABL likely becomes less strongly connected to, and less continuous near, the surface due to a proportional decrease in shear-driven mixing near the surface relative to turbulence generation aloft via above mentioned processes. With yet further increases in stability the turbulence field within the ABL becomes dominated by turbulence generation aloft, resulting in an upside down ABL structure. In such cases, while turbulence remains primarily detached from the surface, intermittent bursts of turbulence occasionally penetrate through the ABL, reaching the surface (Mahrt, 1999) . Mason and Derbyshire (1990) showed that the large-eddy simulation (LES) technique was a useful tool for studying the stably stratified ABL. Using LES model simulations of the stably stratified ABL, Andre´n (1995) , Kosovic´and Curry (2000) and Saiki et al. (2000) have demonstrated the existence of a two-layer structure, with shear-driven turbulence near the surface, surmounted by a layer dominated by wave activity. Andre´n (1995) also documented global intermittency occurring within the ABL, with increasing intermittency near the ABL top. The intermittency resulted in turbulent bursting events, which significantly enhanced vertical fluxes.
The absence of discriminatory measurements also hinders the estimation of ABL height. One commonly employed discriminator of the ABL top is the height at which the turbulent shear stress decreases to a small fraction of its surface value (e.g., Zilitinkevich and Mironov, 1996) . Similar arguments using the vertical heat flux have been employed (e.g., Derbyshire, 1990) . Obviously, for non-traditional ABLs that are not strongly connected to the surface, the use of surface stresses is not applicable. A third commonly employed diagnostic technique for locating the top of the ABL is an increase in the gradient Richardson number
beyond a critical value, Ri c (e.g., Handorf et al., 2000) . Here, S ¼ j@U=@zj, where U is the scalar wind speed, and h ¼ Tð1000=pÞ R=Cp is the potential temperature, with p in hPa, and R is the gas constant for dry air. While values of Ri c ¼ 0:2À0:25 are frequently cited in the literature (e.g., Handorf et al., 2000) , within stable ABLs significant turbulent mixing has been observed at Ri values well in excess of these critical values (e.g., Larsen et al., 1990; Sempreviva et al., 1992) . As argued in Kosovic´and Curry (2000) , use of a vanishing turbulent stress is the most appropriate discriminator of the stable ABL top, as it definitively distinguishes turbulent and non-turbulent layers, while allowing for a significant vertical flux of heat that may occur via wave activity occurring near the stable ABL top. Within the very stable ABL, as turbulent shear stresses may intermittently cease, the vanishing would have to be taken in a timeaveraged sense.
Due to the absence of direct turbulence measurements and uncertainties in the wind speed profiles, and in light of the above discussion, in this study ABL will refer to the layer of the atmosphere extending from the surface to the base of the overlying temperature inversion, as this height coincides with an abrupt decrease in turbulent shear stresses, readily discernible from the temperature profiles. When referring to periods of several days' duration, ABL should be interpreted in a time-averaged sense.
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HEAT BUDGETS
During each of the four clear-sky periods discussed herein, a considerable flux of heat was transferred from the ABL to the surface. An estimate of the bulk cooling DT (in K) of a layer of depth Dz due to a flux of sensible heat extracted from it may be calculated from
where t 0 is the initial time, and each of the remaining terms has been identified previously. It is noted that bulk properties refer to layers that are well mixed, which the atmosphere above the surface clearly is not. However, in the context of the analysis to follow, the use of bulk arguments applies. Table IV presents the estimated net cooling and cooling rates of the lowest 100 m of the atmospheric column, taken to represent the ABL, using a representative density of 1.5 kg m À3 . The range of errors in the bulk cooling estimates reflect the errors in the sensible heat fluxes, calculated from the data given in Table II . In spite of the significant losses of heat given in Table IV , examination of Figure 4 shows no such cooling during these periods. As such, other physical processes occurring within the layer of the atmosphere in turbulent contact with the surface must have been contributing significant amounts of heat during each period.
Assuming that radiative and turbulent fluxes vary mainly in the vertical, and ignoring viscous dissipation, the time rate of change of temperature for a clear-sky atmosphere may be written
In (8) u and v are the zonal and meridional velocity components, respectively, x and y are the zonal and meridional directions, respectively, w is the vertical velocity, z is the height, g is the acceleration due to gravity, F T is the turbulent heat flux, and all other terms have been identified previously. A discussion of the roles of each of the physical processes in (8) within the context of the large-scale synoptic conditions and surrounding physical environment during the four extended clear-sky periods is given next. A detailed examination of the nearly steady 72-h period, 1100 15 January to 1100 18 January, provides the framework for estimates of the unknown terms in (8). During this period the lower atmosphere is idealized as three layers, the lower of which representing the ABL, the 100-m deep layer above the ABL representing the overlying temperature inversion layer, and the 200-m deep layer above the inversion layer representing the free atmosphere. While the two lower layers are assumed to be in turbulent contact with each other and with the surface, the free atmosphere is assumed to be decoupled.
SURFACE TURBULENT HEAT FLUX
During the nearly steady period the average ABL depth was approximately 93 m. The bulk cooling of a layer of this depth due to an average sensible heat loss of 12:80 AE 1:70 W m À2 is 23:67 AE 3:14 K.
RADIATION
The estimated bulk radiative heating within the ABL during the nearly steady period was 1:89 K. The estimated bulk radiative cooling of the inversion and free atmosphere layers were approximately 2.25 and 4.15 K, respectively, during the same time. Reliable error estimates for the radiative heating can not be obtained due to uncertainties in numerous radiatively important parameters, most importantly the presence of ice crystals and aerosols in the atmosphere. During one predominantly cloud-free test period of 72-h duration, the RRTM predicted a mean downwelling longwave radiative flux at the surface of 124.23 W m À2 with a range of 10.69 W m À2 , whereas the ASFG measured a mean of 150.05 W m À2 with a range of 60.6 W m À2 . The higher mean and considerably greater range of the measured fluxes suggests the inability to model the above mentioned factors accurately. Although it is not possible to infer an error in atmospheric heating rates from these calculations, they do suggest that the error is likely to be small enough so that the modelled values can be taken as representative.
From the time-height sections given in Figure 4 it can be seen that when clouds are present the ABL warms considerably. However it appears that during predominantly cloud-free periods featuring brief episodes of cloudiness, radiation does not play a significant role in offsetting the strong ABL cooling. Even more so than during clear skies, the net effect of low, non-VERTICAL HEAT TRANSFER DURING CLEAR-SKY PERIODS precipitating clouds on the temperature of the lower atmosphere as a whole is a cooling one, as the cloud tops radiate strongly in the cold, dry arctic atmosphere.
HORIZONTAL TEMPERATURE ADVECTION
During the nearly steady period, the observed bulk warming of the inversion and free atmosphere layers were approximately 2.89 and 2.25 K, respectively, small fractions of the nearly 27 K estimated bulk ABL cooling due to the surface fluxes. Therefore, for horizontal temperature advection to have supplied the heat to balance the ABL cooling, either a strong cooling mechanism must have existed above the ABL to counteract the strong advective heating assumed to have been occurring there as well, or the advective heating profile must have attenuated rapidly from large magnitudes within the ABL to much smaller values above.
Potential cooling mechanisms above the ABL are radiation and vertical temperature advection, as the temperature structure above the ABL precludes any upward fluxes of heat. During each of the clear-sky periods discussed in this report, the temperature above the ABL increased with height. Hence, if vertical motions were responsible for cooling the air above the ABL, the air must have been rising. Sustained rising motions during anticyclonic conditions, nearly perpetual clear skies and sustained high surface pressures are unlikely, leaving radiative cooling as the only physical process capable of counteracting advective heating above the ABL.
The presence of low clouds would have augmented cooling above the ABL, however only small and temporally brief periods of cooling related to cloudiness can be inferred from Figure 4 , suggesting that the cumulative effects of cloud-top cooling were small over the durations of these predminantly clear-sky periods.
From these considerations it follows that for horizontal advection to have contributed significant heating within the the ABL, its magnitude must have peaked sharply within the ABL and attenuated rapidly above. On physical grounds, such a profile shape is unlikely. A column of warm air advecting over a cold surface would be expected to cool most rapidly at its base, where turbulent exchanges with the cold surface could remove heat from it more quickly than any physical process occurring aloft, during clear skies. The profile of advective heating would therefore be expected to diminish in magnitude with increasing proximity to the surface on thermodynamic grounds. Dynamic considerations suggest that a warm air mass encountering a dome of cold air near the surface would rise buoyantly and flow over the colder layer. Based on these considerations, strong heating within the ABL by horizontal advection must be considered unlikely.
TURBULENT HEAT FLUX
A turbulent flux of heat into the ABL from above could have provided the heat required to balance the cooling of the ABL to the surface. However, since turbulence can only transport heat from one region to another, a downward flux of heat into the ABL implies the removal of the same amount of heat from the layer above. As the atmosphere immediately above the ABL features strong static stability, turbulent mixing would be expected to diminish rapidly above the ABL. Hence, any heat transferred into the ABL must have come from a shallow layer immediately above it. However, the region immediately above the ABL experienced no observable strong cooling to offset the loss of heat to the layer below. A sustained deepening of the ABL could have supplied such heating through entrainment of the warm air above it, however no such sustained deepening was observed.
VERTICAL TEMPERATURE ADVECTION
Vertical temperature advection must have supplied the heat to the ABL layer to balance its loss of energy to the surface. As vertical velocities are typically quite small, one would not immediately expect the vertical advection of temperature to be a likely candidate to have generated such strong heating. However, as advection is the product of both a velocity and the gradient of the advected quantity, in the presence of sufficiently strong temperature gradients, even small vertical velocities can generate locally large heating rates. Table V shows the estimated bulk heating (in K) for three atmospheric layers during the nearly steady period, along with a summary of the remaining measured and computed terms in (8). The temperature budgets for the three layers are computed as follows. The cooling of the ABL due to sensible heat flux at the surface and the warming due to radiation are compared to the observed temperature change. The difference reflects the amount of heating DT in K, required to balance the ABL heat budget. The heat budget of the inversion layer is computed from the radiative temperature change of that layer relative to the observed temperature change, yielding a DT required to close that layer's temperature budget. A vertical advection is then calculated that, when acting on the observed bulk temperature gradient of the inversion layer, closes the heat budgets of each of the two lower layers. It is assumed that the strong heating within the inversion layer is transferred into the ABL by vertical heat fluxes and entrainment, then through the ABL and into the surface. Heating due to vertical motion within the ABL is ignored in this approximation. A similar heat budget calculation is carried out for the free atmosphere, within which the effects of vertical motions interacting with that layer's bulk temperature gradient are incorporated. The residual from that layer then may be interpreted as an estimate of the largescale horizontal temperature advection. Warming due to adiabatic compression is included with the vertical advection term in the upper two layers.
As seen from Table V , a very modest mean subsidence rate of 1.427 mm s À1 nearly closes the heat budgets of each of the three layers due to the large differences in their bulk temperature gradients. The average free atmosphere bulk temperature gradient of 0.012 K m À1 is only 19.36% of the average inversion layer bulk temperature gradient of 0.062 K m À1 . Although a degree of uncertainty in the details of these estimates is acknowledged, the close agreement between the widely divergent heating rates of each of these three layers relative to to their assumed cooling profiles supports the arguments presented in this section. The extension of this model to the other predominantly clear-sky periods seems straightforward in light of their evolving thermodynamic structures relative to the thermodynamic processes occurring within the lower atmosphere. While strong heating within the lowest few hundreds of metres via radiation and horizontal temperature advections must be considered unlikely, very modest subsidence rates interacting with the strong temperature inversions occurring throughout these periods could easily have generated heating of sufficient magnitudes to have balanced the strong cooling of the ABL to the surface.
SYNOPTIC CONSIDERATIONS
The synoptic-scale weather patterns occurring during these periods reinforce the likelihood of non-trivial subsidence rates leading to significant vertical temperature advection while the horizontal temperature advection was small. During the nearly steady period, strong high pressure dominated the region, yielding predominantly north-westerly winds ranging from 4.7 to 11.2 m s À1 within the ABL, with a maximum velocity of 14.3 m s À1 in the free atmosphere layer above. The nearly cloud-free conditions over a large region surrounding the SHEBA site suggest that a significant sustained difference in the aggregate surface temperature of the neighbouring upstream region was unlikely. The generally high surface pressures and anticyclonic synoptic-scale conditions occurring during each of the clear-sky periods reinforce the likelihood of significant subsidence rates while horizontal temperature advections were small.
The arrival of a storm at the conclusion of the spring period suggests that a significant portion of the atmospheric warming may have been due to horizontal temperature advection in the warm sector of the approaching storm. Although horizontal temperature advection may have been significant during the last few days of this late spring period, the likelihood of such strong, sustained horizontal advective heating decreases during the low-sun seasons, due to the cold surface and the seasonal migration of the mid-latitude storm track to the south. The near-surface thermal properties of an air mass advecting from such a distance would be strongly modified during the long transit.
The model that emerges from the above analysis for heat transfer in the lower atmosphere over the Arctic Ocean during clear-sky periods is that of heat extraction from the ABL by surface fluxes being predominantly balanced by entrainment of warm air into the ABL from above. The cooling of the region above the ABL in response to its loss of heat to the ABL below is, in turn, significantly balanced by strong local heating generated via the interaction of large-scale subsiding motions with the large temperature gradients occurring there.
While large-scale horizontal advection is certainly a net source of warming for the arctic atmosphere, during these stable, clear-sky periods any significant net heating due to horizontal temperature advection occurs at a considerable distance above the ABL, with the net heating of the lowest several hundreds of metres accomplished primarily by the effects of vertical motions.
It remains to identify the mechanisms for the entrainment of this heat into the ABL and for its diffusion down to and exchange with the surface. In the following section, high-frequency temperature and wind velocity data measured at the ASFG site and during two aircraft flights are analyzed to further investigate the vertical heat exchange processes occurring in the lower atmosphere during these periods.
Turbulent Heat Transfer
During clear-sky periods over the Arctic Ocean, turbulence is rarely initiated by surface heating, as the high emissivity and albedo of the ice pack conspire to maintain surface temperatures that are cooler than those of the atmosphere above most of the time. As such, surface turbulent heat fluxes are typically a sink for turbulence kinetic energy within the ABL. Instead, the VERTICAL HEAT TRANSFER DURING CLEAR-SKY PERIODS primary sources of turbulence kinetic energy are surface roughness, vertical wind shear and breaking waves.
The static stability of the lower atmosphere during each of the clear-sky periods discussed in this report provides a restoring force for any vertical displacements, and is therefore conducive to the generation of gravity waves. (e.g., Stull, 1988) . Once triggered, gravity waves may amplify and eventually break, giving rise to mixing processes which augment turbulent fluxes occurring within the affected region (e.g., Nappo, 2002) . Vertical shearing of the wind may also generate Kelvin-Helmholtz waves, both a direct source of turbulence, and a mechanism for gravity wave excitation (e.g., Hooke et al., 1973) . Turbulence may be generated intermittently by the passage of a wave train or the cyclical generation of Kelvin-Helmholtz waves, resulting in a succession of such turbulent bursting episodes, although in the mean the ABL may appear stable (e.g., Kondo et al., 1978) .
Atmospheric wave activity has been observed in stably stratified regions of the lower atmosphere in diverse environments spanning the globe (e.g., Nappo, 1990; Cheung, 1991) . In the lower latitudes, they commonly occur during the night following the collapse of the convectively mixed ABL. In the high latitudes, they are observed to occur much more frequently as, in many respects, the high-latitude ABL simulates a perpetual nocturnal ABL during much of the year.
Of particular interest to the present study is the interaction between waves and turbulence. Chimonas (1980) , Finnigan and Einaudi (1981) , Fua et al. (1982) and Finnigan (1988) discuss in detail several mechanisms through which gravity waves and turbulence may interact with one another. Some of these mechanisms allow energy to flow back and forth between the wave and turbulence fields. Under certain circumstances, energy may be extracted from the mean flow by the wave-turbulence combination. Due to such energy exchange processes, waves and turbulence may persist for long periods of time in environments far removed from the forcing mechanisms typically associated with their genesis. In this section evidence is presented for the existence of waves and wave-turbulence interaction over the interior of the Arctic Ocean during two clear-sky periods.
CLEAR WINTER PERIOD
No aircraft measurements of turbulence were conducted during the winter. However, high-frequency temperature and wind velocity data were recorded at the ASFG site. Figure 5 depicts spectra of vertical velocity and temperature from a height of approximately 14 m on the ASFG tower during two periods in mid-January, one near the middle of the nearly steady period discussed in the pre-vious section, and one few hours before it began. In this paper, all of the spectral powers are multiplied by their frequency, as indicated by the fS g labels on the ordinate axes for spectra of variable g. Spectra from the three consecutive hours identified in the legend show the intensity and the range of physical length scales causing variability in the vertical velocity and temperature time series during each period. Figure 6 shows the vertical profiles of potential temperature, wind speed and Brunt-Va¨isa¨la¨frequency, N ¼ ½ðg=hÞð@h=@zÞ 1=2 observed within the lowest 300 m during the approximate times that the spectra were computed. Inspection of Figure 6 indicates a significant strengthening of the wind shear and deepening of the ABL between the two measurement periods. During both periods, large values of N are observed immediately above the ABL, with smaller values both within the ABL and above the lower portion of the overlying temperature inversion.
The spectra computed during the beginning of January 15 indicate energy at both small and large length scales, with a clearly discernible spectral gap at intermediate frequencies. Variability associated with the largest expected eddy, with a length scale equal to the ABL height, approximately 60 m, would yield a frequency of approximately 0.07 Hz advecting across the sensor at the mean wind speed of 4.1 m s À1 at the sensor height. Therefore power at Figure 5 . Vertical velocity spectra (panels a, c) and temperature spectra (panels b, d) obtained from the ASFG tower during mid-January.
VERTICAL HEAT TRANSFER DURING CLEAR-SKY PERIODS higher frequencies indicates the presence of smaller-scale turbulent eddies. The power at frequencies lower than those within the spectral gap indicates wave activity on time scales of a few to tens of minutes. Some of the lowfrequency power could indicate intermittent Kelvin-Helmholtz instability as well. The spectra computed during January 17 differ quite markedly from those discussed above. One key difference is that the spectral power at high frequencies is an order of magnitude greater, indicating increased small-scale variability and stronger turbulent mixing. The second key difference is that although the power at low frequencies represents a much smaller proportion of the total variability, it is of similar magnitude to the earlier case, indicating that the same processes with large length scales were still occurring. The third key difference is that the range of frequencies where a spectral gap was previously observed now contains much more power. The increased power occurring within the intermediate wavelengths between those associated with wave activity and turbulence suggests the possibility of wave-turbulence interaction. The increased wind shear could also have enhanced KelvinHelmholtz instability. Figure 6 . Profiles of potential temperature (panels a, d), wind speed (panels b, e) and BruntVa¨isa¨la¨frequency (panels c, f) nearest to the mid-January spectra computations.
CLEAR SPRING PERIOD
Two aircraft flights measuring high-frequency temperature and wind velocity data were conducted during the clear period in late May. One flight took place approximately 27 h prior to the beginning of clear period 4, the other occurred at approximately hour 46 of that period. High-frequency temperature and wind speed data near the surface were also recorded at the ASFG site during this period.
Panels a and c in Figure 7 show the vertical velocity spectra from a height of approximately 11 m on the ASFG tower during the 12-h periods preceding and following each of the turbulence measurement flights. Panels b and d show the corresponding temperature spectra. The spectra from the five hours identified in the legend show the intensities and the ranges of physical length scales causing the variability in vertical velocity and temperature time series during each period, and how they vary with the diurnal cycle during the spring.
Profiles of temperature, wind speed and Brunt-Va¨isa¨la¨frequency during flights 6 and 7 are shown in Figure 8 . The key difference between the two periods is the magnitude of the wind shear occurring within the lowest approximately 300 m of the atmosphere. During flight 6, winds were relatively weak. A mixed layer driven by surface heating occupied the lowest approximately 100 m, above which a strong temperature inversion was observed. In contrast, during flight 7 the winds were considerably stronger with much greater vertical shear in the lowest 300 m. The potential temperature profile featured a weakly stable layer extending approximately 100 m above the surface, capped again by a strong inversion. While the profile of N during flight 7 resembles those from the winter periods, with large values immediately above the ABL, bounded by smaller values both above and below, the weaker and more uniform stability above the ABL during flight 6 is reflected by smaller, more uniform values of N above the ABL.
The spectra from 1300 UTC 20 May to 1300 UTC 21 May, shown in panels a and b of Figure 7 , indicate significant temporal variability over the diurnal cycle. The weak winds occurring during this period allowed the surface temperature to decouple from that of the lower atmosphere, allowing for a significant diurnal oscillation of the sensible heat flux at the surface, from positive to negative values. During the late afternoon (0000 UTC), the surface temperature warmed above that of the atmosphere, inducing a positive surface heat flux and strong turbulent mixing in the lowest approximately 100 m. Late at night (1300 UTC), the surface temperature cooled below that of the atmosphere, resulting in stabilization of the ABL. Each of the late night periods featured a weak acceleration of the winds aloft. Wind speed peaked at 7.5 m s À1 at 90 m during 1300 UTC 20 May, fell to a peak of 3.5 m s À1 at 150 m during 0000 UTC 21 May, then rose again to a peak of VERTICAL HEAT TRANSFER DURING CLEAR-SKY PERIODS Figure 7 . Vertical velocity spectra (panels a, c) and temperature spectra (panels b, d) obtained from the ASFG tower during late-May. 5.3 m s À1 at 100 m about 1300 UTC 21 May. The spectra show the highest variability at small length scales during the late night hours, during the times of greatest vertical wind shear.
During the afternoon (1900-0000 UTC), the spectral energies at low frequencies increased significantly, while variability at higher frequencies diminished. One explanation of this diurnal variability of the vertical velocity spectra is the generation of waves resulting from the impingement of turbulent eddies upon the base of the temperature inversion. After the peak of the solar cycle (0300 UTC), spectral energies decreased across all frequencies, as the impulses triggering gravity wave activity diminished, and vertical wind shear remained weak. By 1300 UTC vertical wind shear had increased, and spectral energies had returned to levels similar to those observed 24 h previously. The temperature spectra show the highest energies during the late night hours, when the temperature profiles were the most stable. During the afternoon hours, mixing destabilized the temperature profile such that vertical excursions caused less variability in the temperature time series.
The temperature spectra computed during the 24-h period surrounding flight 7, shown in panels c and d of Figure 7 , are quite similar to those of flight 6, with the peak variability likewise occurring during the most stable portion of the diurnal cycle. However the vertical velocity spectra are very different. During flight 7, the winds were much stronger, causing much more vigorous mixing throughout the lower atmosphere, reflecting the increase in power across most of the spectra. Additionally the diurnal variability in spectral power was smaller during the latter period, as the sustained winds maintained mixing overnight. During the period surrounding flight 7, the fluxes of heat into the surface were a sink for turbulence kinetic energy within the ABL. During the overnight hours, the increased removal of heat from the ABL reduced the energy across the entire spectrum slightly, implying some connection between the wave and turbulence fields. During the afternoon, solar warming of the surface mitigated the flow of energy into the surface, allowing the achievement of greater energy across the spectra.
As Figure 8 shows, the more vigorous mixing did not completely destabilize the temperature profile within the ABL as during flight 6. This discrepancy may be explained by two processes, an increased flux of energy into the surface, cooling the ABL from below, and the entrainment of warmer air from above the ABL, warming it from above. Figure 9 depicts vertical velocity spectra and vertical velocity and potential temperature cospectra calculated from data collected during flight 6. For each of the spectra shown in Figure 9 , a frequency of 1 Hz corresponds to a wavelength of approximately 100 m, as the aircraft was moving at approximately 100 m s À1 . The mean height of each leg of the flight as well as the local gradient Richardson number Ri computed from Equation (6) using the radiosonde temperature, pressure and wind speed profiles, are indicated in each panel.
During flight 6, the lowest two legs took place in the shallow ABL beneath the temperature inversion. The value of Ri ¼ À0:8 at 30 m indicates a superadiabatic layer near the surface. A flux of sensible heat flux from the surface into the atmosphere during flight 6 drove strong turbulent mixing in the lower portion of the ABL. At 90 m, the value of Ri ¼ 0:4 was slightly higher than the critical value of Ri ¼ 0:2-0.3, where the theoretical threshold for turbulence lies, indicating that the upper portion of the ABL was not as well mixed as the lower portion, but still much more mixed than the inversion above. At 400 m, the value of Ri ¼ 28:9 indicates the very strong stability within the temperature inversion. The spectra and cospectra at 30 and 90 m reflect the strong mixing at small length scales within the ABL associated with turbulence. The power at small wavelengths at 400 m is approximately two orders of magnitude lower than the high-frequency power within the ABL, reflecting very little turbulence within the stable inversion. The spectra and cospectra at all heights indicate considerable low-frequency power, all manifesting maximum power at wavelengths larger than the largest expected turbulent eddy and well within the range of length scales associated with gravity waves. During flight 6, eddies the size of the ABL, $ 100 m, would cause variability at a frequency of approximately 0.83 Hz, given the aircraft velocity of approximately 100 m s À1 . The spectral peak at 400 m at frequencies of 0.1-0.2 Hz indicates gravity waves with lengthscales in the range of 500-1000 m. The spectra at 30 and 90 m show a similar low-frequency spectral peak, however at these heights power is distributed over a wide range of smaller length scales. This energy in a region of the spectrum between the gravity waves observed at 400 m and the largest expected turbulent eddies indicates possible wave turbulence interaction, such as the breaking of gravity waves generated aloft as they interact with smallscale turbulence within the ABL. Figure 10 depicts the same information as Figure 9 collected during flight 7. During flight 7 only one leg was flown within the ABL, at 90 m, and two legs were flown at a height of 700 m, which was about 550 m above the top of the ABL. The value of Ri ¼ À0:05 at 90 m indicates instability and strong mixing within the ABL during flight 7. Although the value of Ri ¼ 0:35 at 700 m is only slightly supercritical, the spectra and cospectra computed at 700 m indicate very little power, especially at high frequencies.
The spectra and cospectra at 90 m indicate significant energy occurring at wavelengths up to 1000 m, which is approximately a factor of 5 larger than the largest expected turbulent eddy. During flight 7, eddies the size of the ABL, 150 m would cause variability at approximately 0.67 Hz. The energy at wavelengths in the vicinity of this characteristic length scale once again suggests possible interactions between the wave and turbulence fields. during the preceding hours. These large sustained downward fluxes, coupled with the large heat flux measured near the ABL top during flight 7 suggest a significant entrainment of heat into the ABL and downward flux of heat through the ABL and into the surface during the period. As with flight 6, the variance and heat flux are nearly zero far above the ABL top, where turbulence was very weak.
Although the atmosphere during flight 7 would be characterized as more 'stable' than during flight 6, the magnitudes of the calculated fluxes using the various cut-off wavelengths are larger by factors of approximately 3-4 during flight 7. Hence, there is much more energy flowing vertically within the more 'stable' atmosphere occurring during flight 7 than within the 'unstable' atmosphere occurring during flight 6.
The relationship between the cut-off wavelengths used in the computations of the variances and fluxes suggests that wave activity and wave-turbulence interactions were important components of the energetics and heat exchange processes occurring within the ABL during each of these flights. The increase in the magnitudes of the computed variances and heat fluxes as the lowfrequency starting point for the spectral integration is moved to larger and larger wavelengths indicates that processes with length scales larger than the Figure 11 . Vertical fluxes of momentum (panels a, c) and heat (panels b, d) computed from data taken during flights 6 and 7 using various cut-off wavelengths.
largest hypothetical turbulent eddies were interacting with the turbulence field, thereby contributing significantly to the vertical exchange of heat.
Summary and Conclusions
Although skies are typically cloudy in the Arctic, many extended clear-sky periods occur throughout the annual cycle, particularly during the winter. As clouds are a significant source of radiative heating for the surface, their absence during clear-sky periods has a profound effect on the energy balance at the surface of the snow/ice pack. In the absence of cloud radiative forcing, the flow of sensible heat within the lower atmosphere and its turbulent transport to and exchange with the surface comprise significant components of both the surface and lower atmospheric heat budgets during such periods.
Time-averaged surface heat budgets were estimated for several periods of the SHEBA experiment during which either predominantly clear or cloudy conditions prevailed. During the cloudy periods, weak radiative cooling at the surface was nearly balanced by conductive heat fluxes of similar magnitudes, with generally small net turbulent fluxes of heat. During the clear periods occurring in the winter, much stronger surface cooling was balanced by much larger conductive heat fluxes and significant turbulent heat fluxes as well. Surface heat budget calculations performed during one cloudy and one clear-sky period in the spring yielded similar changes in the relationships between the various surface fluxes between cloudy and clear-sky conditions, although the presence of the solar cycle resulted in a much smaller radiative cooling during the clear period, and a net radiative warming of the surface during the cloudy period.
Analysis of the lower-atmospheric heat budget during a representative nearly steady 72-h clear-sky period suggests that, to first order, the heat extracted from the ABL by sensible heat fluxes at the surface was balanced by the entrainment of heat into the ABL from above. A significant portion of the warming occurring above the ABL to balance the loss of heat due to entrainment was accomplished by the interaction of subsiding motions with the strong temperature gradient occurring there. Turbulence generated by a combination of low-level wind shear and wave activity provided the mechanism for the entrainment of this heat into the ABL, and for its diffusion down to and exchange with the surface. Extension of these results to the longer-term, predominantly clear-sky, periods occurring during the low-sun seasons is supported by the thermodynamic structure and evolution of the lower atmosphere relative to the large-scale synoptic conditions during those periods.
The importance of this lower atmospheric heat exchange process to the ice pack mass budget is potentially significant as well. Turbulent heat fluxes at the surface, in combination with the other energy exchange processes occurring there, play an important role in determining the surface temperature, internal snow/ice temperatures, and ultimately influence the growth/ ablation of snow and ice.
The above outlined scenario for heat transfer presents a challenge to modelling due to the small spatial scales of the relevant phenomena, and the weak and intermittent nature of the mixing regime. Extremely high vertical resolutions are required to fully resolve the strong temperature gradients existing within the lower atmosphere during such periods, and to obtain the correct heating rates due to the interaction of these strong gradients with subsidence. Extremely high resolutions in both the vertical and horizontal directions are likewise required to resolve the Kelvin-Helmholtz and gravity wave activity occurring throughout such periods, as well as the interactions between the wave and turbulence fields. That being the case, the investigation of subgrid-scale parameterizations for these processes is the preferred course of action. Despite such difficulties, these small-scale processes are important components of the vertical energy exchanges occurring within the lower atmosphere and between the atmosphere and the surface of the Arctic Ocean ice pack during stable, clear-sky periods, and their effects should be incorporated into studies thereof.
